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The objective of this study is the analysis of polymorphism in seed endosperm proteins
(gliadins and glutenins) of Turkish cultivated einkorn wheat [Triticum monococcum ssp.
monococcum] landraces. The genetic diversity of high-molecular-weight (HMW) glutenin
subunits and the gliadin proteins in 10 landrace populations of cultivated einkorn wheat, origi-
nating from Turkey, was investigated using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and ammonium lactic acid polyacrylamide gel electrophoresis
(A-PAGE), respectively. For glutenins, the mean number of alleles, the mean number of effec-
tive alleles, the mean value of genetic diversity and the mean value of average genetic diver-
sity were detected as 3.50, 2.98, 0.65 and 0.28, respectively. The genetic differentiation
was 0.57, while gene flow was 0.19 between populations. For gliadins, the mean number of al-
leles, the mean number of effective alleles, the mean value of total genetic diversity and the
genetic diversity within population were detected as 2.00, 1.21, 0.17 and 0.15, respectively.
The genetic differentiation was 0.08, whereas gene flow was 6.15 between populations.
STRUCTURE is a software package program for population genetic analysis, was used to in-
fer population structures of landraces populations. The optimum value for K was obtained as
10. Considering the high number of proteins and genetic variation, and increased interest in or-
ganic products, the farming of einkorn wheat should be supported and conservation of
germplasm in landraces should be maintained as important genetic resources. The landraces
germplasm should be conserved for future crop improvement processes.
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Introduction
Einkorn is a name given to diploid wheat species that all have AA genomes with 14 chro-
mosomes (2n = 2x = 14) in the genus Triticum (Waines 1995). Einkorn includes a domes-
ticated, hulled subspecies Triticum monococcum L. ssp. monococcum (with tough rachis),
wild subspecies Triticum monococcum L. ssp. boeticum Baiss (with hulled grains and brit-
tle rachis) and Triticum urartu Thum. ex Gandil. According to some authors, Triticum
boeticum is a subspecies of Triticum monococcum L. (Kerby and Kuspira 1987; cited in
Rodríguez-Quijano et al. 1997) and two domesticated, free threshing subspecies Triticum
monococcum L. spp. sinskajae Rilat et Kurk. and Triticum monococcum L. spp. clusii
(Filatenko and Kurkiev 1975; Szabó et al. 1994: cited in Vallega 1995). In addition, hy-
brids between these taxa are fully fertile, whereas those with Triticum urartu Thum. ex
Gandil (diploid wheat) are sterile (Dhaliwal 1977).
There have been several research studies, to determine genetic diversity and genetic
structure of wild or primitive diploid relatives of tetraploid and hexaploid wheat. Preston
et al. (1975) compared gliadin and glutenin compositions of wheat (Triticum aestium),
einkorn (Triticum monococcum), A. squarrosa, and S. cereale using the SDS-PAGE
method. Metakovsky and Baboev (1992) reported the polymorphism and inheritance of
gliadin polypeptides in Triticum monococcum L. Ciaffi et al. (1992) represented through
the evaluation of a large collection of wild wheat progenitors consisting of diploid
(Triticum boeticum Boiss and Triticum urartu Thum.) and tetraploid wheat (Triticum
dicoccoides Körn.) according to their seed storage proteins and their relationships with
technological properties. Rodríguez-Quijano et al. (1997) analyzed variations in B-LMW
glutenin subunits in 50 einkorn wheat (26 Triticum monococcum, 14 boeticum, and 10
urartu). Ciaffi et al. (1997) assessed gliadin polymorphism in 400 accessions of wild and
cultivated einkorn wheat (Triticum monococcum, Triticum boeticum, Triticum boeticum
ssp. thaudor and Triticum urartu) using electrophoresis of their proteins. Peókircioçlu
et al. (1998) investigated six types of wild diploid wheat (Aegilops caudata, Aegilops
mutica, Aegilops speltoides, Aegilops umbellulata, Triticum monococcum and Triticum
urartu) from Turkey using gliadin electrophoresis. Wieser (2000) conducted a compara-
tive investigation of gluten proteins from different wheat species of common wheat (win-
ter wheat, spring wheat, and wheat rye hybrid), hexaploid spelt, tetraploid durum wheat
and emmer, and diploid einkorn. Butnaru et al. (2003) assessed morpho-agronomic vari-
ability of Triticum monococcum L. landraces in the Timisoara area in Romania. Sofalian
and Varizadeh (2009) investigated seed storage proteins in some wild wheat progenitors
using SDS-PAGE and ammonium lactic acid polyacrylamide gel electrophoresis
(A-PAGE) methods. Hu et al. (2011) analyzed allelic variation and distribution of HMW
glutenin subunit 1A-y in Triticum lines using SDS-PAGE method. Waines and Payne
(1987) analyzed HMW-glutenin subunits of Triticum monococcum, Triticum urartu and
Triticum aestivum using electrophoresis. The genetic variation in diploid wheat was ex-
amined previously by investigating isoenzymes systems (Smith-Huerta et al. 1989; Hedge
et al. 2000; Karcicio and Ézbérak 2003; Goncharov et al. 2007), and morphological charac-
ters (Karagöz and Zencirci 2005). Özkan et al. (2007) assessed natural variation and iden-
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tification of microelement content in seeds of 54 einkorn wheat (Triticum monococcum)
accessions.
Biochemical markers and DNA-based markers are not affected by environmental fac-
tors and are used in several studies to assess genetic diversity and population structure of
different species and varieties of wheat. Both of the marker systems have advantages and
disadvantages. DNA markers provide great information, assessing the whole genome, on
crop taxonomy and evolution, on geographic and ecological aspects of the extent and dis-
tribution of genetic diversity. Although, DNA markers produce great genetic variation,
those markers occasionally adequately related to agronomic traits (Hodgkin et al. 2001)
and additionally they usually screen heterochromatic regions such as the centromeric part.
On the other hand, biochemical markers (isoenzymes, gliadins, glutenins, etc.) cover a
limited part of the genome, but they are reliable, simple, repeatable and economical. Be-
sides screening for agronomically important characters, they have important effects on the
wheat used for making bread and pasta and associated with some trait loci. Particularly,
gliadin and glutenin proteins are related with end-use quality of bread and durum wheat
(Mac-Ritchie et al. 1990: cited in Rodríguez-Quijano et al. 1997) attract more interest be-
side their proved use to determine phylogenetic relationships (Metakovsky and Baboev
1992). Therefore, considering the potential of T. monococcum L. ssp. monococcum
germplasm as a genetic resource for breeding, and conservation purposes, we preferred
seed storage proteins to investigate genetic diversity and population structure in landrace
populations.
The seed endosperm proteins, gliadins and glutenins, compose around 80% of total
seed proteins in wheat, 40% of which are gliadins (Ojaghi and Akhundova 2010). Gliadin
proteins are simple polypeptides and separated into a, b, g, andw gliadin subunits by elec-
trophoresis at low pH (pH = 3.1) (Bushuk and Zillman 1978). The genes encode for
gliadin protein subunits are located on the short arms of chromosomes of the first and sixth
homeologous groups as forming six Gli loci (Payne et al. 1982). The genes coding for w,
a, g, and some b gliadins are located on the Gli-1 loci are found on the group 1A, 1B and
1D chromosomes, while the genes coding for a, ß and g gliadins are located on the Gli-2
loci found on the group 6A, 6B and 6D chromosomes (Metakovsky and Sozinov 1987;
Payne et al. 1988). Each Gli locus is bear three to ten genes (Payne 1987) and transferred
together as a single Mendelian trait (Sozinov and Poperelya 1980). The products of these
linked genes are called gliadin blocks. Genes controlling HMW-glutenin subunits are
placed on the long arms of homeologous group 1 chromosomes at loci designated Glu-1
(Payne et al. 1981). The genotypes can be identified directly by the band pattern of
HMW-glutenin subunits (Jaradat 2001) because of codominant inheritance or equally
dominant alleles encode for major protein subunits (Du Cros and Hare 1985).
Einkorn was cultivated on marginal agricultural land in middle-east and southwestern
Europe in the past. In Italy, it is still growing in harsh environments and on impoverished
soil (Perrino and Hammer 1984). Today, Triticum monococcum L. is cultivated on a lim-
ited scale in Albania, France, Italy, Turkey, and the former Yugoslavia (Harlan 1981;
Perrino and Hammer 1982; Perrino et al. 1995).
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In this study, we aimed to find out genetic diversity and population structure of einkorn
wheat, which is cultivated mainly on northern part of Turkey, especially in Çankéré,
Karabük, Kastamonu, and Sinop provinces. Analyses were made to estimate the following
genetic parameters: allele richness (na), the effective number of alleles (nea), genetic diver-
sity (He), genetic differentiation (FST, and GST) and gene flow (Nm).
Materials and Methods
Plant material
Ten Turkish landrace populations of cultivated einkorn wheat [Triticum monococcum L.
ssp. monococcum] were analyzed using vertical, one-dimensional electrophoresis. The
Seed GenBank of the Turkish Ministry of Food, Agriculture, and Livestock (SGB-MFAL)
kindly provided the germplasm consisting of seeds, collected as bulk from farmers’ fields
(<5 ha) from the Çankéré, Karabük, Kastamonu, and Sinop provinces, in 1993, 1994 and
1996. Accession numbers, locations, altitudes, and codes used throughout the text are pre-
sented in Table S1*. Collection sites of the populations were located at different altitudes
ranging from 350 m to 1,325 m in the Northern Transitional Zone of Turkey (Fig. S1).
Eleven randomly selected seeds per population were used in the electrophoretic analysis.
As controls, we have chosen Cham-1 (C1) and Cham-3 (C3), which were cultivated
tetraploid wheat varieties developed and distributed by the International Centre for Agri-
cultural Research in Dry Areas (ICARDA) to compare the electrophoretic patterns with
cultivated einkorn wheat landraces.
Analyses of HMW-glutenin subunits and gliadins
Analyses of HMW-glutenins and gliadins were performed using an SDS-PAGE method
for HMW-glutenins previously described by Ng and Bushuk (1987), and an A-PAGE
method for gliadins previously described by Bushuk and Zillman (1978) with some modi-
fications. These modified protocols are used in the Cereal Quality Laboratory in
ICARDA.
Statistical analysis
HMW-glutenin subunits and gliadin loci are multiallelic and codominant. The data were
scored according to HMW-glutenin subunits, and gliadin band patterns existed in each in-
dividual in each of the populations analyzed. For gliadins, band patterns of each individual
within and among populations according to number and mobility of gliadin subunit com-
ponents were compared. The data was scored as binary matrix, if the protein (band) is
present (1) or absent (0). The glutenin subunits were scored from the phenotypes of each
individual from electrophoretic spectra. The data of both gliadins and glutenins were ana-
lyzed using POPGENE version 1.32 (Yeh et al. 1997).
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* Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
Genetic diversity (Nei 1973), estimated within population diversity, was computed as
the expected heterozygosity (He) based on the allele frequencies at the Glu-A1x, Glu-A1y
and Gli-A (Gli-A1 and Gli-A2) loci. The mean number of alleles per locus (na) and effec-
tive alleles per locus (nea) were also calculated. In this study we used GST and FST to esti-
mate the extent of differentiation according to gliadins and glutenins within and between
populations, respectively. Gene flow occurs between populations by seed dispersal, seed
exchange or mixing, or cross-pollination. Seed dispersal and cross-pollination are limited,
particularly for self-pollinating plant species such as wheat. Seed exchange or mixing of
seeds of landraces is common among traditional farmers. Gene flow (Nm) was also calcu-
lated to determine its effect on genetic diversity.
For investigation of population structure, we used the software program STRUCTURE
(Pritchard et al. 2000). STRUCTURE provides a model-based on Bayesian approach to
explain population structure by using our entire gliadin and glutenin markers data set to
identify K clusters to which the program then assigns each individual. We used 110 indi-
viduals to infer the optimal value of K (i.e. the number of clusters) by evaluating K = 1–10.
For parameter set, in our model, we selected with admixture as ancestry model and the al-
lele frequencies were assumed to be correlated, since it is more reasonable to assume com-
mon ancestry of such closely related populations. The length of burn-in Markov Chain
Monte Carlo (MCMC) replications was set to 10,000 and data were collected over
100,000 MCMC replications in run, based on previous literature suggesting that this level
is sufficient (Evanno et al. 2005). We determined the optimal value of K using the second
order statistics (DK) developed by Evanno et al. (2005) and the ad hoc procedure de-
scribed by Pritchard et al. (2000).
Results
Gliadin band pattern analysis of the populations
A-PAGE generated 82 different gliadin band patterns in 10 Turkish cultivated einkorn
wheat landrace populations analyzed. Bands that were too faint were not scored. There
were bands with different intensities, but in this study, we did not take into account band
intensities. The main differences between the gliadin patterns were presence or absence of
one or more bands and slight changes in mobility of the bands. In some of the gliadin pat-
terns, additional bands, which did not exist in other patterns, were detected. Some of the
present, absent or additional bands are indicated by an arrow in Fig. S2.
Genetic diversity analysis of gliadins
According to gene diversity estimates at population level, the highest number of allele
(na), the highest number of effective allele (nea) and the highest value of genetic diversity
(He) were observed in population F as 1.87, 1.28 and 0.19, respectively. The lowest num-
ber of allele was detected in population C as 1.59, while the lowest number of effective al-
lele, and the lowest value of genetic diversity were detected in population C, D and H as
1.18, and 0.13, respectively (Table S2).
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According to overall gene diversity estimates, the mean number of allele (na), number
of effective allele (nea), total genetic diversity (Ht), genetic diversity within population
(Hs), genetic differentiation (GST), and gene flow (Nm) were 2.00, 1.21, 0.17, 0.15, 0.08,
and 6.15, respectively (Table S3).
HMW-glutenin subunit analysis of the populations
According to analysis of HMW-glutenins, seven subunits were identified in total, three for
Glu-A1x, and four for Glu-A1y. Glu-A1x encoded subunits were Glu-A1x1, Glu-A1x2*,
and Glu-A1xNull. Glu-A1y encoded subunits were compared with subunits 7 and 8, en-
coded by Glu-B1 of the standard tetraploid wheat variety Cham1 (C1) (with genome for-
mula BBAA). Glu-A1y subunits were characterized and named as followed: the subunit,
which had mobility between subunits 7 and 8 was named Glu-A1y1(y-type1); the subunit,
which had equal mobility with subunit 7 was named Glu-A1y2 (y-type2); and the subunit,
which had lower mobility than subunit 7 was named Glu-A1y3 (y-type3). Null subunit
was also observed among Glu-A1y subunits of diploid einkorn wheat landraces and named
as Glu-A1yNull. A representative of HMW-glutenin subunit patterns of Turkish einkorn
wheat landraces was given in Fig. S3.
A total of nine different inter-subunit combinations were identified in this study:
(Glu-A1x1, Glu-A1y1), (Glu-A1x1, Glu-A1y2), (Glu-A1x1, Glu-A1y3), (Glu-A1x1,
Glu-A1yNull), (Glu-A1x2*, Glu-A1y1), (Glu-A1x2*, Glu-A1y2), (Glu-A1x2*,
Glu-A1yNull), (Glu-A1xNull, Glu-A1y2), and (Glu-A1xNull, Glu-A1yNull) (Fig. S4).
Among these subunit combinations, (Glu-A1x2*, Glu-A1y1) had the highest frequency of
approximately 30.91%, which was followed by (Glu-A1x1, Glu-A1y2) with a frequency
of approximately 19.09% (Table S4). The frequencies of the remaining subunit combina-
tions were 15.45% for (Glu-A1x1, Glu-A1y3), 10.00% for (Glu-A1x2*, Glu-A1y2), 7.27%
for (Glu-A1x1, Glu-A1yNull), 5.45% for (Glu-A1x1, Glu-A1y1), 2.73% for (Glu-A1x2*,
Glu-A1yNull), 0.91% for (Glu-A1xNull, Glu-A1y2) and 8.18% for (Glu-A1xNull,
Glu-A1yNull).
Genetic diversity analysis of HMW-glutenins
For HMW-glutenins, seven alleles were detected in total; three for Glu-A1x and four for
Glu-A1y. The highest frequencies for the alleles, encoding subunit 1 (in pops F and K),
and subunit 2* (in pops B, D, and E) were 0.91, while the lowest frequencies were identi-
fied as 0.09 for subunit 1 (in pop E), and subunit 2* (in pops F and K) (Table S5). For both
types (x and y) of glutenin subunits, the null subunit was detected in pops B, C, D, and M
with frequency of 0.09, 0.45, 0.09, and 0.27, respectively. The highest frequencies for the
subunits Glu-A1y1 and Glu-A1y2 were expressed as 0.91 in pops B and D, respectively,
while the lowest frequencies for the subunits Glu-A1y1 and Glu-A1y2 were expressed as
0.09 in pops M and E, respectively. The subunit Glu-A1y3 was the least common subunit
among all the subunits. The subunit Glu-A1y3 was detected only in pops H and K with
frequencies of 1.0 and 0.5, respectively. The null subunit encoded by Glu-A1y was more
common than the null subunit encoded by Glu-A1x. The highest frequency for
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Glu-A1yNull subunit was 0.45, which was detected in pops C, K, and M, while the lowest
frequency for Glu-A1yNull subunit was 0.09 detected in pops B, D and E.
According to overall gene diversity estimates that at population level, the pop H dis-
played monomorphism for both x-type and y-type HMW-glutenin subunits, while the pop
A displayed monomorphism for only y-type HMW-glutenin subunits (Table S6). The
highest number of allele (na), the highest number of effective allele (nea) and the highest
value of genetic diversity (He) for x-type HMW-glutenin subunits were observed in pop C
as 3.00, 2.81, and 0.68, respectively, while the lowest number of allele, the lowest number
of effective allele, and the lowest value of genetic diversity were observed in pop H as
1.00, 1.00, and 0.00, respectively (Table S6). The highest number of allele, the highest
number of effective allele and the highest value of genetic diversity for y-type HMW-glu-
tenin subunits were found in pop M as 3.00, 2.37, and 0.61, respectively, while the lowest
number of allele, the lowest number of effective allele, and the lowest value of genetic di-
versity was found in pops A and H as 1.00, 1.00, and 0.00, respectively. According to the
mean values, the highest number of allele, the highest number of effective allele and the
highest value of genetic diversity for HMW-glutenin subunits were observed in pop C as
2.50, 2.40, and 0.60, respectively, while the lowest number of allele, the lowest number of
effective allele, and the lowest value of genetic diversity were observed in pop H as 1.00,
1.00, and 0.00, respectively.
Overall gene diversity estimates for HMW-glutenin subunits, indicated that y-type sub-
units displayed higher gene diversity estimates than x-type subunits. The mean value for
numbers of allele (na), the mean number of effective allele (nea), the mean value of genetic
diversity (He), the mean value of average genetic diversity (He_av), genetic differen-
tiation (FST), and gene flow (Nm) were 3.50, 2.98, 0.65, 0.28, 0.57, and 0.19, respectively
(Table S7).
Population structure
In order to determine the number of subpopulations, the optimal value for K developed by
Evanno et al. (2005) using the second order statistics for STRUCTURE (Fig. S5) identi-
fied as 10. It was also confirmed that the ad hoc procedure (Fig. S6) developed by Prit-
chard et al. (2000). This means that the set of populations were partitioned into 10 clusters.
When the colored individual bar plot was examined, some accessions had varying propor-
tions of their genome from other clusters (Fig. S7).
Discussion
When we compared the results obtained from gliadin electrophoresis in the present study
with previous studies; we obtained 82 different gliadin patterns, which were in agreement
with 80 (in 109 T. monoccum L. accessions) by Metakovsky and Baboev (1992) and 224
(72 for T. urartu in 150 accessions, 100 for T. boeticum in 160 accessions, and 52 for
T. monoccum in 74 accessions) by Ciaffi et al. (1997) and are higher than the gliadin pat-
terns obtained by others; 10 (five for each of T. monococcum and A. squarrosa) by Preston
et al. (1975), 13 (four different allelic variants for T. boeoticum and nine for T. urartu) by
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Ciaffi et al. (1992), 56 (in 490 T. tauschii accessions) by William et al. (1993). These dif-
ferences might be existed due to different species, and the number of samples used as rep-
resentatives of accessions or populations in other studies. The altered mobility of one or a
few gliadin components might be the result of a mutational event (Metakovsky 1991). The
absence or presence of gliadin products might be explained by the genetic process of
diploidisation, gene inactivation, and gene dosage compensation because of differential
gene expression. We observed a high number of different gliadin band patterns, which
might be the products of different combinations or differential expression of gliadin
genes. These combinations might increase the adaptability of T. monococcum populations
to different environmental conditions. Because diploid wheat has adaptability to different
environmental conditions is more stressful than other polyploid wheat, which can buffer
genetically the differential environmental stress factor to adapt them (Hancock 1992: cited
in Hedge et al. 2000).
The results show that the genetic diversity found in gliadin subunits (Ht = 0.17) is lower
compared to previous studies (Preston et al. 1975; Waines and Payne 1987; Ciaffi et al.
1992, 1997; Metakovsky and Baboev 1992; Sofalian and Varizadeh 2009; Hu et al. 2011).
However, the genetic diversity of gliadins are still higher than the results obtained from
isoenzymes studies (Smith-Huerta et al. 1989; Peókircioçlu et al. 1998; Hedge et al. 2000;
Karcicio et al. 2003), but less polymorphic than Mendlinger and Zohary (1995). For
gliadins, we observed the gene flow at a considerably high level and genetic differentia-
tion between populations was not significant in contrast to glutenins observed in this
study. This might be explained by the functional seed exchange between traditional farm-
ers, or the same variety of T. monococcum L. or the varieties shared with similar genetic
background were grown by farmers.
For HMW-glutenin, we observed seven glutenin subunits, which is less than previous
studies; 14 Glu Dt 1 subunit (490 T. tauschii accessions) by William et al. (1993), 40 sub-
units for einkorn wheat (26 for T. monococcum and 14 T. boeoticum) and 12 alleles for
Glu-A1 locus (seven in T. urartu and five in T. boeoticum) by Ciaffi et al. (1992) and
higher than five HMW-glutenin subunits for each T. monococcum and A. squarrosa by
Preston et al. (1975). However we observed a genetic diversity high according to
HMW-glutenin subunits in contrast to previous studies (Waines and Payne 1987;
Rodríguez-Quijano et al. 1997). The differences between our current study and previous
studies might be related to sampling strategies and the number of samples analyzed, dif-
ferent species with different genomes and the different experimental methods.
According to overall genetic diversity analysis of the HMW-glutenin subunits, y-type
subunits displayed a higher genetic diversity than x-type subunits. The mean numbers of
effective alleles for both loci were quite a bit closer to the mean number of allele. It seemed
that most of the HMW-glutenin alleles found in landrace populations contributed to gene
diversity equally more or less. Latent genetic potential, the difference between the total
and effective number of alleles sum up the overall loci (Stebbins and Hartl 1988;
Bergmann et al. 1990), represents the populations’ capability to preserve adaptability un-
der the multiplicity of changing environmental conditions. The genetic differentiation ac-
cording to glutenin proteins is considerably high (FST = 0.59), that means 59% of the ge-
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netic diversity is within and 41% of the genetic diversity between populations. Glu-A1 loci
expressed more subunits in diploid wheats than cultivated tetraploid and hexaploid wheat.
In this study, more probable Glu-A1 loci expressed more different HMW-glutenin sub-
units than gliadin (Gli-A1 and Gli-A2) loci expressed.
The subunits Glu-A1y1 and Glu-A1y2 observed in this study were similar to the sub-
units observed by Hu et al. (2011) in three species of Triticum monococcum L., Triticum
boeticum Boiss and Triticum urartu Tum, while the subunit Glu-A1y3 was characterized
as the study of diploid accessions of Triticum aegilopoides by Jiang et al. (2009).
The results also displayed that T. monococcum L. ssp. monococcum populations had a
wide variation for 1Ay alleles as reported by Hu et al. (2011), who reported that the distri-
bution frequencies of the Glu-1Ay subunits in wild wheat varieties such as Triticum
turgidum L. ssp. dicoccoides (Körn. ex Asch. et Graebn.) Thell, and Triticum urartu
Thum. ex Gandil, were 57.41 and 70.97%, respectively. In this study, we observed the ex-
pression of Glu-A1y subunits with a frequency of 81.81% in Triticum monococcum L. ssp.
monococcum landraces populations. Cultivated forms of Triticum turgidum exhibit a
higher degree of gene inactivity compared to the wild form. Therefore, a high degree of in-
activity at the polyploidy level is not an unexpected result. On the other hand, we found
null allele for Glu-A1y subunits. This might also be the result of gene inactivation or a si-
lent gene.
According to the STRUCTURE analysis results, we obtained the optimum value for K
is 10. When we examined the individual bar plot (Fig. S7), the pops B (yellow), D (mus-
tard), E (turquoise), H (pink) and K (red) displayed distinctive population structures al-
though they had hybrid individuals. The pop C (light brown) represents nearly 50% of the
genetic content from pop D. The pops A, F, G and M all seemed to have more admixed
population structure, because, all individuals were hybrids in these populations. However,
hybrid individuals were observed in all populations. All populations had genetic content
from brown, indigo, and light green colored populations, although those populations had
not formed distinctive population structures among the analyzed landraces populations.
Actually, the pops A, F, G, and M would be considered as the original population of in-
digo, brown, light green and green colored populations, respectively. It is more probable,
that of the farmers who are currently farming, where those pops (A, F, G and M) were col-
lected might have carried out extensive seed exchange issues with the other farmers.
Therefore, those pops (A, F, G, and M) might have undergone some change in their origi-
nal population structures and have extensive admixed population structures. Conse-
quently we can infer from the STRUCTURE analysis that we have six distinctive popula-
tions and four extensively admixed populations.
A wide range of polymorphic levels defines the HMW-glutenin subunits in 10 different
landrace populations ranging from polymorphic to monomorphic. Population H was
monomorphic for both the Glu-A1 (x and y types) locus and Glu-A1y3 subunit observed
only in pops H and K. Therefore, the distribution of some HMW-glutenin alleles were dis-
tributed locally (in only two pops), while other alleles were distributed sporadically (in
more than three pops). It has been previously reported by Ciaffi et al. (1993) that the alti-
tude of collection sites seems to be an important criterion. With populations collected at
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locations above 900 m being less polymorphic than populations collected at lower alti-
tudes (500–700 m), and relative genetic differentiation between populations increasing in
those collected at higher altitudes. Nevo et al. (1995) indicated that the determinant factors
were temperature and water availability, rather than altitude per se. Findings from previ-
ous studies are in contrast to our present results. In our current study, plant materials were
collected from four different provinces, located at different altitudes ranging from 350 to
1,325 m. According to our findings, the highest mean number of alleles, and mean values
of genetic diversity estimates of gliadins were found in pop G located at 1,020 m in
Karabük Province, and pop C, located at 350 m in Sinop Province. This might infer that
Turkish T. monococcum wheat landraces have adapted to different environmental condi-
tions at quite a wide range and this is expected from landraces formation in their evolu-
tionary history.
Vallega (1979) reported that when einkorn, barley, and durum wheat are grown under
adverse environmental conditions, protein production and yield of einkorn wheat equal to
or higher than the others did. The amount of protein content of einkorn grain varied from
50% to 75%, which is higher than the protein content (12.5% to 73.5%) of hard red wheats
(Stallknecht et al. 1996). Thus it is consumed by villagers in poor areas and is prepared in a
similar style that of ancient civilizations. The einkorn grains were used in various dishes
such as soups, salads, casseroles, and sauces (Bond 1989). Therefore, cultivation and im-
provement of hulled wheat agriculture, particularly Triticum monococcum L. and Triti-
cum turgidum ssp. emmer should be encouraged and supported by governments, just as
they support cultivated crop cultivars agriculture.
Although farmers preferred some genotypes according to their agronomical characters
and by causing genetic drift, the effects of natural selection was driven by change in cli-
mate from year to year, can be accelerated. As a result, genotypes that are able to survive,
contribute to the genetic diversity of the germplasm of landrace populations. Therefore,
traditional farmers should be encouraged to run seed exchange systems as the maximum
functionality so as to prevent unity. Statistical tests (Pearson’s correlation, multiple re-
gression, and Principal Component Analyses) indicate that climatic and geographic vari-
ables in combination with each other affected genetic diversity of endosperm proteins and
isoenzymes at a considerable level in Turkish cultivated emmer wheat landraces (Özbek
et al. 2011; Özbek et al. 2012, 2013) as observed in einkorn wheat landraces (data not
shown) in this study.
Although Turkish wheat landraces all have great potential, nevertheless, they were not
used extensively in breeding programs. In Turkey cultivated bread wheat and durum vari-
eties such as Sivas 111-33, Sertak 52, Ak 702 (Bread wheat) and Kunduru 1149 (Durum
wheat) were developed in breeding programs and distributed. In these programs, Turkish
wheat landraces have been used as parental Turkish wheat varieties (Karagöz and Zencirci
2005). The Turkish wheat landraces should be managed practically usable efficiently in
more breeding programs as genetic resources (Özbek 2014).
In Turkey, ex situ conservation is a commonly used method. The method has some risks
to reduce genetic diversity and selection due to interspecific completion, because of strong
selection during ex situ regeneration of seeds (Figliuolo and Perrino 2004). The finite pop-
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ulations, which have small sizes have a risk of being subjected to genetic drift over time
and thus loose genetic diversity according to genetic theory (Hartl and Clark 1997).
Another limitation for ex situ conservation is the limited number of samples that can be
stored in gene banks. Therefore, all the genetic diversity observed in genetic resources of
landraces germplasm cannot be conserved in GenBank. In this case, as a complementary
system, traditional farming saves the genetic diversity as in situ conservation method.
Therefore, to maintain the genetic diversity in landraces, farmers in traditional farming
systems should be encouraged to continue traditional farming practices through the finan-
cial support of state agricultural regulation laws similar to the support given to modern ag-
ricultural farming.
The trade of local seeds is forbidden by State Seed Law (5553) in Turkey. Therefore,
farmers can only use the seeds, which are certified by Food, Agriculture, and Livestock
Ministry. Recently, traditional farmers investigated a creative way to overcome this legal
limitation. In some provinces, the traditional farmers organize seed exchange festivals.
They exchange any kind of local plant seeds at these festivals, which are supported and or-
ganized by civil organizations like Association of Ecological Producers, and municipality
of those provinces. The traditional farmers claim their organic seeds; also they know the
importance of those local seeds for ecology, genetic diversity, and future food security of
the world. It is also noteworthy; they organize meetings, panels, play dramas, and musi-
cals to acknowledge the people about how important the local seed varieties for future
crop improvement and food security during all festivals. These festivals increase the ex-
tensive seed exchange between farmers and contribute to germplasm of landraces to ob-
tain more dynamic and diversified genetic structure (Özbek 2014).
Since landraces are the products of traditional farming systems resulting from many
years and traditional farmers impute the value on landraces according to economic analy-
sis of variety choice, and ethno botanical information about uses of and toward different
varieties (Braush 1991). Therefore the studies on screening the germplasm of landraces,
which is recognized as major genetic resources, are vitally important. Particularly the
studies about economic analysis, ethno botany, and genetic structure of landraces play an
important role for future aspects.
For future crop improvement, food security, and conservation of genetic resources of
landraces it is an obligation and an urgent necessity. Therefore, planning conservation
programs, the genetic structure, protein content, and genetic composition of important
agronomical characteristics should be considered. Turkish wheat landraces should be as-
sessed by detailed analyses to screen the genetic structure, and evolutionary dynamics of
populations in order to develop proper conservation strategies. After further evaluation,
Turkish wheat landraces could be utilized to improve the breeding of wheat lines, espe-
cially for high protein content, and other quality traits, which exist in landraces.
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